It was 10 years ago that Kurt Fischbeck and his colleagues (La Spada et al. 1991) reported the identification of a novel mutational mechanism that altered the sequence of a protein: the addition of glutamines to a polyglutamine tract within the androgen receptor (AR). This mutation occurred in individuals affected with the motor neuron disease spinal and bulbar muscular atrophy (SBMA) or Kennedy's disease. With the cloning of the genes affected in Huntington disease (HD; Huntington's Disease Collaborative Research Group 1993) and spinocerebellar ataxia type 1 (SCA1; Orr et al. 1993) , and subsequently with the identification of the basis for several other neurodegenerative diseases (for review, see Zoghbi and Orr 2000) , it has become apparent that an expansion of a polyglutamine tract is the mutational mechanism underlying several neurodegenerative diseases. Currently, this group of disorders consists of eight diseases (Table 1) . At the DNA level, the polyglutamine diseases are result from the expansion of an unstable CAG triplet repeat, placing the polyglutamine diseases within a broader class of inherited disorders, the unstable trinucleotide repeat diseases (Warren 1996) .
With the identification of trinucleotide repeat and polyglutamine expansions as disease-causing mutational mechanisms, two general questions arose. What are the mechanisms for the repeat instability at the DNA level, and what are the effects of polyglutamine expansion at the protein level? A discussion of the genetic mechanism of repeat instability is beyond the scope of this review (see McMurray 1999) . The purpose of this review is to summarize information that has accumulated with regard to the effects of polyglutamine expansion at the protein level. Focusing on SCA1, HD, and SCA6, an attempt will be made to identify important insights into the pathogenic mechanisms of these intriguing disorders.
One might envisage two possible mechanisms for the pathogenic effects of an expanded polyglutamine tract:
(1) a mechanism dependent on an alteration of the function of the full-length protein, and (2) a mechanism that is largely dependent on the biochemical property of the polyglutamine tract itself regardless of the protein context in which it is located. In the first case, the altered toxic function of the protein could be a new function that is, for the most part, unrelated to the natural function of the protein. On the other hand, the alteration in function could be related to the normal function of the protein. If this latter scenario were to be the case, it would seem more likely that the pathogenic process would vary between the polyglutamine diseases, at least at their outset. In the second case, a mechanism essentially dependent on properties of the polyglutamine tract would more likely result in a common pathogenic mechanism among different diseases. Taking this scheme to an extreme would be a pathogenic mechanism centered around the generation of a toxic polyglutamine peptide. Which of these possibilities seems the more likely?
Early genetic evidence
Early genetic evidence argued for a common pathogenic mechanism centered around, and perhaps limited to, the polyglutamine tract. Mutant tracts of uninterrupted glutamine residues were found in genes encoding proteins with no homology to each other outside of the polyglutamine stretch and presumably with a variety of functions. Yet, in each case, the wild-type, unaffected alleles have typically been shown to contain fewer than 35 glutamine residues. However, the pathogenic alleles contain 39 or more residues in the glutamine tract (Table 1) . For each disease, the pathogenic effect of the expanded polyglutamine tract is a gain-of-function dominant phenotype usually resulting in a late-onset, progressive neurological disorder (Zoghbi and Orr 2000) . Regardless of the disease, the longer the polyglutamine tract, the more severe the disease and the earlier its age of onset.
Evidence that a polyglutamine tract itself can be toxic stems from studies with transgenic mice as well as transfected cell lines. Transgenic mice expressing a small fragment of the huntingtin protein with an expanded polyglutamine tract develop abnormal neurological signs and neuropathology (Managiarini et al. 1996) . Similarly, a peptide containing essentially just the expanded polyglutamine tract from the SCA3 gene product is toxic to cerebellar Purkinje cells in transgenic mice (Ikeda et al. 1996) . Most notably, inserting a polyglutamine tract into the HPRT (hypoxanthine phosphoribosyl transferase) gene results in mice with a neurological phenotype very similar to that observed in mice expressing the mutant HD truncated protein (Ordway et al. 1997) . There are also a number of studies demonstrating that expanded polyglutamine tracts within truncated proteins are more toxic to transfected cells than expanded tracts embedded in full-length proteins (for review, see Hackam et al. 1998) . These studies imply that proteolytic cleavage is a necessary step in the initiation of polyglutamine disease.
The aggregate hypothesis
The association of aberrant deposits of a polyglutamine protein with neurological disease first burst into the literature in 1997, with reports of neuronal nuclear inclusions of a mutant huntingtin fragment in the brains of HD transgenic mice (Davies et al. 1997a ) and within the brains of HD patients (DiFiglia et al. 1997) . Very quickly, similar deposits of polyglutamine proteins were reported in neurons in SCA3 patient material (Paulson et al. 1997) , and in neurons in SCA1 transgenic mice and patient material (Skinner et al. 1997 ). Subsequently, nuclear inclusions were reported in patient material for many of the other polyglutamine disorders, and it did not take long for the protein deposits to become the dominant force driving polyglutamine disease research (Davies et al. 1997b; Ross 1997; Perutz 1999) . Without question, several aspects of the polyglutamine aggregates add strong support to their being central to the pathogenic mechanism. Aggregates or deposits of polyglutamine protein are a prominent pathological hallmark of most polyglutamine disorders. The aggregates are usually found within the nucleus but have been reported in the cytoplasm of neurons from HD patient material (DiFiglia et al. 1997) . The time course for the formation of these aggregates either in animal or cellular models of pathology is consistent with them being causative. In cell culture systems, aggregate formation correlates with an increase susceptibility to cell death (Hackam et al. 1998) . Furthermore, in vitro aggregation studies indicate that fragments of the HD protein with polyglutamine lengths within the pathological range, that is, longer than 40, are insoluble whereas fragments carrying nonpathogenic repeat lengths are soluble (Scherzinger et al. 1997) . Thus, coupled with indications that abnormal protein aggregation is the molecular basis for other neurodegenerative diseases, for example, Alzheimer's, Parkinson's, and prion diseases, the importance of protein deposits provides an attractive unifying pathogenic model for the polyglutamine diseases (Kaytor and Warren 1999) .
Cracks in the pestilent nature of polyglutamine aggregates?
A suggestion that the polyglutamine aggregates may not be the basis for cell death seen in the polyglutamine diseases came from observations that the aggregates are not restricted in their presence to the cellular sites of pathology in SCA7 patient material. (Holmberg et al. 1998 ). Yet, like all of the earlier studies suggesting a pathogenic nature for the aggregates, this SCA7 study remains correlative. The first studies to examine directly the effect on disease of alteration of the aggregation status of a polyglutamine were published later in 1998. Using transfected cultured striatal cells expressing the amino-terminal fragment of the HD protein with an expanded polyglutamine Saudou et al. (1998) showed that exposure of these cells to conditions that reduced the formation of aggregates increases cell death. In a transgenic mouse model of SCA1 Purkinje cell disease, expression of the SCA1 gene product, ataxin-1, containing 77 glutamines, and a deletion of the self-association region results in ataxia and pathology in the absence of detectable aggregates of ataxin-1 (Klement et al. 1998) . Furthermore, crossing a SCA1 disease-causing transgene (Burright et al. 1995 ) onto a murine genetic background lacking the expression of the ubiquitin E3 ligase Ube3A suppresses the formation of ataxin-1 aggregates. Yet, the progression of ataxin-1-induced pathology is enhanced considerably in the absence of Ube3A expression . These reports provide strong evidence that the intranuclear aggregates of ataxin-1 and huntingtin may not be pernicious after all. Moreover, the results of the Saudou et al. (1998) and Cummings et al. (1999) studies indicate that the aggregates reflect a cellular mechanism that protects neurons from the toxic effects of a mutant polyglutamine protein. Thus, these observations argue that it is the soluble polyglutamine protein that is critical for triggering pathogenesis. Formation of aggregates may be a strategy by which the cell sequesters the misfolded polyglutamine protein thereby reducing its ability to associate with other cellular components.
The ubiquitin-proteasome pathway and chaperones, the unfolding of polyglutamine aggregates
Are other cellular defense mechanisms triggered in response to the expression of an expanded polyglutamine tract? It was recognized early on that nuclear polygluta- mine aggregates contain ubiquitin (Davies et al. 1997a; Paulson et al. 1997; Cummings et al. 1998) . Covalent modification of proteins with ubiquitin and their subsequent degradation by the proteasomal apparatus is the major pathway by which cells remove improperly folded proteins (Wilkinson 2000) . In addition to being positive for ubiquitin, cellular aggregates of polyglutamine proteins are found to be associated with components of the proteasomal machinery and molecular chaperones (Cummings et al. 1998 ). This observation supports the possibility that, as one might predict, proteins with an expanded polyglutamine tract exist in an abnormal conformation. Furthermore, manipulations of protein proteolytic and folding pathways might alter polyglutamine-induced pathological processes. Evidence suggesting that a mutant polyglutamine protein is misfolded and triggers a cellular response came from the observation that the ataxin-1 nuclear aggregates in SCA1 patient neurons and transgenic mouse Purkinje cells stain positively with antibodies directed against the molecular chaperone protein HDJ-2/HSDJ (Cummings et al. 1998) . Cell culture studies have gone on to indicate that protein misfolding and proteolysis can effect the cellular deposition of polyglutamine proteins. In HeLa cells expressing mutant ataxin-1, Cummings et al. (1998) showed that the expression of Hsp70 was induced, and that it was redistributed to the ataxin-1 nuclear aggregates. These investigators also reported that the ataxin-1 aggregation is decreased in HeLa cells cotransfected with ataxin-1 carrying 92 glutamines and HDJ-2/HSDJ. The effect of HDJ-2/HSDJ on ataxin-1 aggregate formation was dependent on the presence of the DnaJ-domain in HDJ-2/HSDJ. A similar result was obtained in HeLa cells expressing a mutant form of AR (Stenoien et al. 1999) . Thus, molecular chaperones can modulate the aggregation of polyglutamine proteins, at least in a cell culture system.
In addition to the chaperones, polyglutamine aggregates are associated with components of the proteasomal apparatus (Cummings et al. 1998; Chai et al. 1999; Stenoien et al. 1999) . Moreover, inhibiting proteasomal function leads to an increase in the formation of ataxin-3 (Chai et al. 1999 ) and ataxin-1 aggregates ) in transfected cells. These studies suggest that the proteasome is involved in the degradation of misfolded polyglutamine proteins. Evidence that a polyglutamine can be degraded by the ubiquitin-proteasome pathway (UPP) was reported for ataxin-1. Although ataxin-1 containing only two glutamines was polyubiquitinated to a level equal to ataxin-1 with 92 glutamines, and both forms were relatively resistant to proteasomal degradation, mutant ataxin-1 was more resistant to degradation .
Recently, several laboratories have reported the establishment of polyglutamine-induced neurodegeneration in the fruitfly Drosophila melanogaster. These studies have provided direct evidence that molecular chaperones can suppress polyglutamine-induced neurotoxicity. Kazemi-Esfarjani and Benzer (2000) used a fly model expressing a glutamine tract with 127 residues to screen for suppressers of neurodegeneration. They identified two suppresser genes both containing chaperone-related J domains: dHDJ, which is homologous to human HSP 40/ HDJ1, and dTPR2, which is homologous to the human tetratricopeptide repeat protein 2. Using another approach, Chan et al. (2000) found that co-expression of dHdj1 in the eye of flies expressing truncated ataxin-3 with 78 glutamines suppresses degeneration. Yet, as assessed by light microscopy, chaperone suppression of polyglutamine disease in the fly is not accompanied by a similar decrease in the formation of aggregates in either study. These observations further raised the question of the pathogenic nature of polyglutamine aggregates. However, biochemical analyses of polyglutamine aggregates formed in the fly (Chan et al. 2000) or in vitro (Muchowski et al. 2000) in the presence of molecular chaperones have been interpreted as suggesting that chaperones act to direct polyglutamine from toxic relatively insoluble aggregates into nontoxic more soluble aggregates. Although the concept of toxic and nontoxic aggregates of polyglutamine proteins provides an explanation for the lack of toxicity in the presence of aggregates in the fly models, it is not clear how this concept would explain the demonstrations of polyglutamine-induced toxicity in the absence of aggregation (Klement et al. 1998; Saudou et al. 1998; Cummings et al 1999) .
There is ample evidence that alterations in the cellular response to misfolded proteins can affect polyglutamine toxicity. Thus, the molecular chaperones and the proteasomal complex are likely to play an important role in protecting a neuron against the deleterious effects of an expanded polyglutamine tract. Perhaps the late onset typically seen in these disorders is due to these protective mechanisms becoming overwhelmed with time. It is also possible that cell-specific variation in the chaperone/proteasome response might contribute to the cellular specificity of pathology typical for each polyglutamine disease (Satyal et al. 2000) . However, it remains unclear whether these defensive mechanisms are directly compromised by a misfolded polyglutamine protein and to what extent this would contribute to pathogenesis.
Importance of protein context in polyglutamine-induced pathogenesis: lessons from three diseases
In light of the above discussion, an examination of additional data obtained from analysis of three of the polyglutamine diseases (HD, SCA1, and SCA6) is quite revealing.
Huntington disease
HD is the most common and well-known of the polyglutamine diseases. HD consists of a triad of motor, cognitive, and emotional disturbances. The movement disorder in HD includes alterations in involuntary movements and abnormal voluntary movements. The most characteristic pathological feature of HD is neostriatal atrophy, particularly loss of the medium-sized spiny GABA neurons in the striatum. Other regions of the brain are also often affected. The whole brain often appears atrophic, and atrophy in the cortex is frequently seen.
In 1996, Managiarini et al. established transgenic mice in which the HD transgene consisted of a 1.9-kb fragment that included exon 1 with an expanded polyglutamine tract consisting of about 140-150 repeats, as well as some 5Ј-flanking sequence from the HD gene. In the most extensively characterized transgenic line, R6/2, animals develop a progressive neurological phenotype by 8 wk of age that included tremors, involuntary movements, and seizures, with death by 14 to 15 wk. Although these animals do have brains that are substantially smaller than their nontransgenic littermates, no significant neurodegeneration or other abnormalities have been identified. Thus, these animals do not show any signs of striatal neurodegeneration characteristic of HD. However, because they demonstrate a movement disorder somewhat like that seen in HD patients, these results suggest that HD could be caused by a truncated fragment of the huntingtin protein containing the polyglutamine tract. Perhaps in HD, a pathogenic fragment is generated from huntingtin by proteolysis.
Some support for the proteolytic hypothesis was obtained when the nuclear aggregates of huntingtin in patient material were examined with antibodies directed at different segments of huntingtin (DiFiglia et al. 1997) . In autopsy material from one HD patient, the nuclear aggregates were reactive only to antibodies against the amino-terminal region of huntingtin. In addition, Western blot analysis of a brain extract indicated the presence of an amino-terminal fragment of huntingtin in the patient brain. Unfortunately, this latter observation has yet to be replicated.
Transgenic mice expressing the full-length HD cDNA carrying 16, 48, or 89 CAG repeats have also been established (Reddy et al. 1998) . In these mice, HD transgene expression is under the control of the cytomegalovirus promoter region. Thus, a wide pattern of transgene expression is seen. Mice expressing an HD cDNA with an expanded CAG repeat, 48 or 89 triplets, develop a progressive neurological abnormality consisting of altered limb clasping and generalized hyperactivity, unidirectional rotations, backflips, and excessive grooming. At 24 wk of age, these mice become hypoactive and die shortly thereafter. Neuronal loss is found in the striatum, a prominent site of pathology in HD patients, and in the hippocampus, thalamus, and cortex. Other areas of the brain with high levels of transgene expression show no signs of pathology, for example, the cerebellum. Nuclear inclusions of mutant huntingtin is detected in many areas of the brain, including Purkinje cells of the cerebellum. Contrary to suggestions that nuclear inclusions are pathogenic, the inclusions are less prominent in the striatum, where cell loss is the most extensive. Regardless of the cellular distribution of nuclear inclusions in the brain, this transgenic model of HD, expressing full-length mutant huntingtin, shows a cellular pattern of pathology that is more typical of HD.
From a genetic perspective, the most accurate strategy for replicating HD in a mouse is to use gene targeting to insert an expanded, mutant CAG tract into the mouse huntingtin (Hdh) gene. Several groups have used such a knock-in approach to establish mouse models of HD. Mice carrying an insertion of 100 repeats in the Hdh gene demonstrate increased male aggression . In contrast, insertions of from 90 to 111 repeats into Hdh result in no overt neurological alterations (Wheeler et al. 2000) . In these mice, nuclear localization of normally cytoplasmic huntingtin is seen early on with nuclear inclusions forming much later. Very mild functional alterations have been reported with CAG insertions of 72 and 80 repeats (Levine et al. 1999; Usdin et al. 1999) . Thus, Hdh knock-in mice with repeat tracts of around 100 units, which in humans results in a juvenile form of HD, seem for the most part to have a subclinical phenotype. Mice with a longer 150 CAG repeat tract inserted into Hdh have been generated by gene targeting (Lin et al. 2001) . These mice have a more severe neurological disease than mice with 100 repeats. Mice with 150 repeats in Hdh develop late-onset neurological abnormalities that include motor deficits and gait abnormalities. The behavioral alterations are associated with a striatal pathology consisting of reactive gliosis and the presence of neuronal intranuclear inclusions of huntingtin. Although neuronal loss in the striatum has yet to be seen in these animals, mice with 150 CAGs in the Hdh gene have a disease that more closely replicates HD.
Severity of the phenotype in HD transgenic mice seems to be dependent on several factors: the level of transgene expression, the length of the polyglutamine tract, and the protein context in which the polyglutamine tract is located. In all of the mouse models of HD, higher levels of transgene expression result in a more severe phenotype. For example, knock-in HD mice that are homozygous for the CAG insertion have a more severe phenotype regardless of the length of the expanded repeat tract (Wheeler et al. 2000; Lin et al. 2001) . The importance of polyglutamine tract length as a determinant of disease severity has been shown in the YAC HD mice, the HD cDNA transgenics, and the CAG knock-in mice. Two lines of mice express the mutant huntingtin with 150 repeat units at a level comparable to endogenous huntingtin: the HD exon 1 transgenic mice (Managiarini et al. 1996) , and the 150 repeat knock-in mice (Lin et al. 2001) . The phenotype of the 150 repeat knock-in mice is not as severe as that seen in the HD exon 1 transgenic mice. These results suggest that a polyglutamine tract of a given length is more toxic when it appears in the context of a smaller protein. Although it seems that the toxic effects of a polyglutamine tract are masked by the full-length huntingtin protein, it is also apparent that the disease manifested by animals carrying a mutant polyglutamine tract is more similar to that seen in HD patients when the repeat is included within the full-length protein.
Spinocerebellar ataxia type 1
SCA1 is an autosomal dominant neurodegenerative disease typically with mid-life onset characterized by motor symptoms in the absence of cognitive deficits. Death usually occurs between 10 and 15 years after the onset of symptoms. The clinical features of SCA1 vary depending on the stage of the disease, but typically include ataxia, dysarthria, and bulbar dysfunction. At the pathological level, the most frequent and severe alterations seen in SCA1 patients are losses of Purkinje cells in the cerebellar cortex and loss of neurons in the inferior olivary nuclei, the cerebellar dentate nuclei, and the red nuclei. Nuclei of the third, tenth, and twelfth cranial nerves also have variable involvement, with the hypoglossal nuclei being the most frequently and severely affected. Burright et al. (1995) expressed full-length human SCA1 cDNAs with different numbers of CAG repeats in Purkinje cells using a Purkinje cell-specific promoter isolated from the Purkinje cell protein 2 gene (Pcp2/L7). The resulting mice express either a wild-type SCA1 allele encoding 30 repeats (30Q) or an expanded allele encoding 82 repeats (82Q) at high levels. Despite expressing high levels of wild-type ataxin-1, the 30Q mice show no signs of altered neurological function or Purkinje cell pathology and are indistinguishable from nontransgenic littermates. Adult ataxin-1-82Q mice develop severe ataxia and progressive Purkinje cell pathology (Burright et al. 1995; Clark et al. 1997) . The earliest histologic abnormalities in the SCA1-82Q mice, detectable at postnatal day 25, are membranous cytoplasmic vacuoles. Loss of proximal dendritic arborization and dendritic spines becomes apparent at 5 wk, coinciding with the beginning of a mild impairment on the rotating rod. By the time the SCA1-82Q mice are observed to be ataxic by home cage behavior (12-15 wk), the dendritic arbor is mostly lost, the molecular layer is atrophied, and some heterotopic Purkinje cells have moved to the molecular layer. Cell loss becomes significant in the mice after 6 m of age, well beyond the onset of severe neurological deficits. Thus, the neurological alterations seen in these SCA1-82Q mice are not simply the result of Purkinje cell death. In contrast, mice with overexpression of a truncated polyglutamine fragment of the SCA3 gene product in Purkinje cells develop rapid cell loss leading to severe cerebellar atrophy as well as ataxia (Ikeda et al. 1996) , a phenotype quite distinct from the progressive disease seen in SCA1 and SCA3 patients and in the SCA1 full-length transgenic mice.
Purkinje cell pathology seen in the SCA1-82Q transgenic mice is very similar to that seen in SCA1 patients, including the localization of mutant ataxin-1 to ubiquitin-positive nuclear inclusions (Skinner et al. 1997 ). These nuclear inclusions are present in a few Purkinje cells of SCA1-82Q mice beginning at 3-5 wk and are detectable in 90% of the Purkinje cells by 12 wk. An important question addressed with SCA1 transgenic mice was whether nuclear localization of mutant ataxin-1 was critical for disease. Klement et al. (1998) generated transgenic mice that expressed ataxin-1 protein with 82 glutamines that had a mutated nuclear localization signal. In these mice, ataxin-1-82Q was distributed diffusely throughout the cytoplasm and showed no signs of the prominent nuclear localization of ataxin-1 seen in the initial SCA1-82Q mice. Although these mice expressed ataxin-1 in Purkinje cells at levels comparable to those observed in the original SCA1-82Q transgenic mice, they developed no Purkinje cell pathology or neurological dysfunction. Thus, nuclear localization of ataxin-1 is critical for pathogenesis.
The demonstration that mutation of the nuclear localization signal of ataxin-1, and thereby blockage of the entry of mutant ataxin-1 into the nucleus of Purkinje cells, completely abrogates the ability of the mutant protein to induce disease is an excellent example of how residues outside of the polyglutamine tract can have a role in disease. It is intriguing that mutant ataxin-2 (SCA2) is toxic when it is localized to the cytoplasm of Purkinje cells (Huynh et al. 2000) whereas cytoplasmic mutant ataxin-1 is not. These observations show that the subcellular site of polyglutamine toxicity can vary depending on the protein that contains the expanded polyglutamine tract.
Interactions between the polyglutamine protein and other cellular components is one biochemical property that would show a dependence on the subcellular localization and the protein context of a polyglutamine tract. In the case of ataxin-1, the leucine-rich nuclear protein (LANP) associates with ataxin-1 in a manner that decreases with increasing polyglutamine tract length . Furthermore, LANP is localized to the nucleus and expressed at highest levels in Purkinje cells. Recently, it was shown that ataxin-1 can bind RNA and that this binding decreases with increasing number of polyglutamines (Yue et al. 2001) . Thus, these are interesting molecular targets that might explain the importance of nuclear localization for the toxicity of mutant ataxin-1.
A recent and powerful application of Drosophila genetics to the study of polyglutamine pathogenesis was undertaken by Botas and colleagues (Fernandez-Funez et al. 2000) . Using a fly model of SCA1, they performed a genetic screen for loci that modified SCA1-induced neurodegeneration. Several of the modifiers identified point further to the importance of protein folding and degradation for disease. Other modifiers reveal that genes whose products have a role in cytoplasmic/nuclear transport and RNA binding also affect SCA1-induced pathology in the fly. These studies confirm work performed in transgenic mice and are consistent with ataxin-1 having RNA-binding activity.
Spinocerebellar ataxia type 6
Like SCA1 and SCA2, neuronal loss in SCA6 consists of the prominent loss of Purkinje cells from the cerebellar cortex (Gomez et al. 1997) . However, SCA6 is particularly intriguing in that it is one of only two diseases among the polyglutamine disorders for which the function of the protein is known (Table 1 ). The protein af-fected by the polyglutamine expansion in SCA6 is the ␣1A voltage-dependent calcium channel (Zhuchenko et al. 1997) . In addition, the size range of the polyglutamine tract on mutant SCA6 alleles, 21-27 repeats, is much shorter than those found for the other diseases.
While aggregates of the ␣1A-subunit have been detected in brains of SCA6 patients (Ishikawa et al. 1999) , the polyglutamine expansion also alters the kinetic properties of the channel (Restituito et al. 2000) . In Xenopus oocytes expressing ␣1A-subunits with different lengths of polyglutamine and different ␤-subunits, ␣1A-subunits with 30 polyglutamines have an impaired voltage-dependent activation and slowed inactivation rate only when expressed with the ␤4-subunit. Thus, SCA6 could very likely be another channelopathy in which pathology might be due to an excessive entry of calcium into Purkinje cells. If so, this would be an excellent example where polyglutamine-induced pathology is directly related to the normal function of the protein and is dependent on its interaction with other cellular proteins, that is, the ␤4-subunit. However, a question remains: Is SCA6 completely distinct from the other polyglutamine diseases because of the relative short length of its mutant alleles, or is SCA6 indicative that the altered function of a mutant polyglutamine protein directly reflects its normal function? In addition, it is possible that expansion of the polyglutamine tract in the SCA6 calcium channel, although altering channel function, induces disease by a completely distinct pathway. Consider the polyglutamine expansion in AR that causes SBMA or Kennedy's disease. There is evidence that this expansion in AR results in a partial disruption of AR function. For example, SBMA affected males have problems with fertility and present with enlarged breasts. Yet, the polyglutamine expansion in SBMA, although altering AR function, also causes a severe motor neuron disease. This latter aspect of SBMA is a phenotype not seen in XY individuals who have complete loss of AR function and have testicular feminization with no signs of a motor neuron disease. Thus, a polyglutamine expansion may alter normal function of a protein and induce disease by different mechanisms.
Closing comments
Since the identification of the first polyglutamine disease-causing mutation, a large body of data has been obtained that is beginning to direct our understanding of these neurodegenerative diseases. Expansion of the polyglutamine tract results in an altered conformation that triggers cellular responses, as well as associations with molecular chaperones and the proteasomal system, important for protection against the mutant protein. It appears that these protective responses eventually become overwhelmed, and the mutant protein is then sequestered into aggregates. Studies of SCA1 and HD models argue strongly that the aggregates are not pathogenic (Klement et al. 1998; Saudou et al. 1998 ). Rather, they serve a protective function (Saudou et al. 1998; . It is becoming increasingly clear that, although polyglutamine tracts themselves are very toxic, residues outside of the polyglutamine tract in each disease-causing protein have important roles in defining the course and specificity of disease. These residues participate in important cellular processes such as the subcellular localization of the polyglutamine protein and its interaction with other cellular molecules that very likely impact on disease progression. Much remains to be learned about the importance of the full-length protein in disease. If initiation and progression of each of the polyglutamine diseases ends up being as tightly linked to the normal function of the protein as has been suggested for SCA6 (Restituito et al. 2000) , it becomes less likely that a common mechanism of pathogenesis will ensue. In this case, therapeutic efforts would best be directed at the enhancement of cellular protective measures.
